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INTRODUCTION Electrically rechargeable, high-temperature lithium-aluminum/iron sulfide (FeS or FeS 2 ) cells of high specific energy are being developed at
Argonne National Laboratory (ANL) for use in large batteries for bulk energy storage in electric utility systems. 1 Similar cells, but with higher specific power, are also being developed for use as electric vehicle batteries. 2 In the development of these cells, cycling systems were necessary to automatically operate experimental cells over extended periods of time.
In these tests, electrical performance, power, energy storage capacity, cyclelife, and cell lifetime must be determined by repetitive charging and discharging of the cells. By the use of automatic cyc'ers, round-the-clock operation of the cells is possible; the time required for operating personnel to perform individual cell tests is reduced by a factor of three and the personnel are thus free to perform other jobs such as cell fabrication and analysis of cell performance.
During the early stages of cell development when various geometries and materials were being tested, cells were relatively short-lived. At this time, the need for totally automatic cycling equipment was not great, and simple systems consisting of constant voltage power supplies, power resistors, and recorders were used. As optimum cell designs and materials were found, the cells were, of necessity, scaled up to handle greater mounts of current. Tests on the larger cells required automatic cyclers to determine whether or not the scaling-up introduced variables that changed the performance of cell components from values established in bench-scale tests. When automatic cyclers were introduced into the testing program, their value to researchers were immediately seen, and various sizes and types of units were needed to operate cells of different sizes and designs. In addition, those involved in the cell program found through experience with the cyclers that their utility would be enhanced by the incorporation of other functions into the system. This report describes the present cycler design, which includes all the additional features required to miximize the information gained during cell testing.
II. AUTOMATIC CELL CYCLING SYSTEM
The automatic cell cycling system consists of three separate sections: cycle-control, data display and recording, and power control. A block diagram of the system, in use at the present time, is shown in Fig. 1 F1 X --- The charge or discharge modes can be manually selected while the system is in automatic or limt control. Once placed in either mode, the automatic or limit control will complete the cycle in the selected mode.
D. Timing Circuits
Four timers are provided for various control options that experimenters find useful in cell testing.
The charge time places a cell on charge for a fixed period of time.
The selector switch must be in the "cycle" position, and the timer must be turned on manually for this option.
The charge period will be determined by the preset charge time or by the charge cutoff voltage, whichever occurs first.
The cycle then proceeds as before but with the charge timer controlling charge mode times. This function is required for 
E. Power Control
Cell operation during charge and discharge can be controlled in either a constant-current or constant-voltage mode.
In either mode, current and voltage levels are maintained by controlling the output of a programnmi.ihle, regulated power supply. Under constant-voltage control, the voltage level is set by the voltage control on the power supply, while current is controlled by variable power resistors in series with the cell; under this mode of control, the current level is limited by the rating of the resistors. Under constant-current control, the current is controlled by separate controls provided for charge and for discharge. Minimum discharge current level is controlled by a variable power resistor in series with the cell, if this is found to be necessary, for example, on very low current discharges, when the resistance in the circuit is not sufficient to maintain proper current control.
A constant voltage, current-limit charge mode has been added to some of the cycling systems. In this mode the cell is charged initially up to the current limit and then as the cell voltage rises, the current decreases to a low level for a fully charged cell.
It is felt that this mode of charging may be better for cell performance.
A large (200 A), reversing contactor with a mechanical interlock connects the cell to the power supply.
The contactor is controlled from the circuits discussed earlier.
The power supplies must be constant current-constant voltage units that can be remotely programmed.
III. DATA DISPLAY AND RECORDING
Various methods are used to record and display the cell parameters of voltage, current, power and capacity. Some provide a permanent record of cell performance while others provide instantaneous visual displays. The instruments that provide these capabilities, (shown schematically in Fig. 1 ) are described separately below.
t. Recorder
Lell voltage and current are recorded on a standard two-channel strip recorder that provides a record 'imilar to that shown in Fig. 5 . The recorder channels are both provided with selectable voltage ranges from 0.1 mV to 100 V full scale, and also with variable zero controls.
Resolutions .1a low as 0.05 V and 0.1 A are possible, depending upon the selected ranges and the current shunt output. Coded plug-in shunts of 100 mV at 10A, 100 mV at 100 A, and 50 mV at 500 A are provided depending on the current range. The output from these shunts also drives the other display and recording devices in the system.
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- characteristics of the mult iplier circuit, the current signal in millivolts, which is taken from the shunts ment ioned ear tier, is amplified with a gain of 100 before being ted to the multiplier.
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In addition to the functions outlined, a cycle counter and elapsed-time meter is provided on the console. The number of charge and discharge cycles are monitored by the cycle counter, which receives its signal from the cycle control system. The counter can be manually reset. The elapsed-time mete: can be used, if required, by manually energizing the timer.
It is not directly associated with the cycle-control equipment.
When required, the data generated during a cell test ing program can be sent to a remote data logger.
There are no particular problems associated with this operation, but if data is to be taken at a particular time, e.q.
at the end of charge or discharge, a signal from the cycle-control system to the data logger is necessary. At present, this signal is simply a relay contact closure.
Under normal conditions, the data logger will take data under its own control at some particular set time cycle.
IV. SUMMARY
In response to the needs of an ongoing program at ANL to develop rechargeable batteries, an automatic cell cycl'ng system has been designed.
This syste. provides the capability for control of cell cycling and recording of data without the need for constant attendance by research personnel. Thus the cycling equipment has saved countless man-hours. The system also has a high degree of flexibility. Not only does the cycling equipment provide wtomatic cell operation under a number of modes of control, but it can be used for other, related cell tests. The design of the cycler units has gradually been modified to provide the additional data on cell performance that were needed by experimenters. Moreover, the newer units have been built with sufficient capacity to cycle multiple-cell systems (batteries), and will be needed in future tests of full-size battery systems.
The cycling system described here is primarily under electromechanical control. This type of control was chosen because of the shorter design time required and the ready a7?ailability of parts. An effort is presently under way to design all solid-state cyclers for use in lifetime tests of the many cells being fabricated by industrial firms (an integral part of the ANL battery program). These cyclers will provide almost all the control functions described here, except that all data accumulation will be performed by a remote data logger. The solid-state units will be of modular form so that a cycling system of requisite capacity can be easily provided for different sized cell and battery systems.
